Background-Plasma markers of fibrinolytic function are associated with incident coronary events among several, but not all, prospective epidemiologic investigations of healthy individuals. Few studies have evaluated this relationship in women. In addition, although menopausal hormone therapy (HT) may alter markers of fibrinolytic function, the relevance of this effect for coronary risk assessment has not been studied. Methods and Results-In a prospective, nested case-control study among 75 343 postmenopausal women without prior cardiovascular disease or cancer, we evaluated the relationships of elevated tissue plasminogen activator (tPA) antigen and D-dimer with subsequent first coronary heart disease events over a median period of 2.9 years. Baseline levels of both biomarkers were higher among 304 cases compared with 304 controls matched on age, smoking status, ethnicity, and length of follow-up; median values were 9.0 versus 7.4 ng/mL (PϽ0.001) for tPA antigen and 27.6 versus 23.4 ng/mL (Pϭ0.001) for D-dimer. In matched-pairs analyses, the odds ratio in the highest versus lowest quartile of tPA antigen was 3.5 (95% CI, 2.1 to 5.8; P trend Ͻ0.001) and for D-dimer was 2.0 (95% CI, 1.2 to 3.2; P trendϭ0.005).
T hrombosis and atherosclerosis are closely related phenomena. Changes in vessel wall architecture and composition during atheroma formation ultimately lead to plaque rupture, 1 with most coronary occlusive events occurring in the setting of fulminant intraluminal thrombosis. It has been hypothesized that relative abnormalities in hemostatic systems are common on a population basis and that endogenous markers of fibrinolytic function may identify certain otherwise healthy individuals predisposed to clinically pathologic thrombosis.
Endogenous fibrinolysis is regulated predominantly by tissue plasminogen activator (tPA) through enzymatic con-version of plasminogen to plasmin. Plasma levels of active tPA are determined by the combined effects of synthesis from vascular endothelium, 2 binding to plasminogen activator inhibitor-1 (PAI-1) and other inhibitors, 3 and hepatic clearance. 4 Elevated tPA antigen levels, which reflect both active free tPA and inert tPA bound in activator/inhibitor complexes, may therefore be indicative of coagulation activation and either enhanced or impaired fibrinolytic function. D-dimer is the primary degradation product of cross-linked fibrin and as such is a more direct measure of ongoing fibrin turnover, because levels are dependent not only on the presence of fibrin and plasmin but active fibrinolysis.
Among healthy individuals, increased tPA antigen and D-dimer have been shown to predict future cardiovascular events in several prospective epidemiologic investigations. [5] [6] [7] [8] [9] [10] [11] However, these studies were predominantly comprised of middle-aged men. In addition, some studies did not find associations to be independent of other cardiovascular risk factors. Data pertaining to this issue are sparse among women, in particular postmenopausal women, among whom the absolute number of coronary events continues to rise despite more widespread adoption of primary preventive measures. 12 In addition, although hormone therapy (HT) impacts on levels of both biomarkers, with most studies demonstrating a lowering of tPA antigen levels and no effect or modest increase in D-dimer, the clinical relevance of these effects is uncertain. We examined these issues in a large diverse cohort of postmenopausal women.
Methods

Study Population
The objectives and design of the WHI Observational Study (WHI-OS) have been described elsewhere. 13 Between 1994 and 1998, 93 724 women aged 50 to 79 years were recruited from 40 clinical centers throughout the United States. Of these participants, 75 343 having no prior history of cardiovascular disease or cancer represented the source population for cases and controls. At enrollment, women completed screening visits, during which demographic information, medical history, personal habits, and medication inventories were reviewed and anthropometric measurements, blood pressure, and fasting blood specimens were obtained. Most baseline blood specimens in the case-control study population were collected in the morning (96.5%) after a 12-hour fast (99.7%). All specimens were immediately processed for long-term storage at Ϫ70°C.
History of hypertension was defined as self-reported history of treated or untreated diagnosed high blood pressure. If report of diagnosed hypertension was missing (nϭ22), hypertension was coded for subjects with a measured baseline systolic blood pressure of 140 mm Hg or higher or diastolic blood pressure of 90 mm Hg or higher. History of diabetes was defined as self-report of diagnosed diabetes mellitus. Family history of premature coronary artery disease was defined by self-report of myocardial infarction (MI) in a first-degree male relative before age 55 years or first-degree female relative before age 65 years. Unknown family history was coded for those participants unsure of family history of MI or age at presentation (nϭ33).
Hormone therapy status was classified as never, past, or current use of unopposed estrogen (E) or estrogen plus progestin (EP) from pills or patches. Most current HT users were undergoing treatment with conventional doses of conjugated equine estrogens (CEE) with or without medroxyprogesterone acetate. Specifically, 82% of current E users were on oral CEE, of whom 74% were treated with a dose of 0.625 mg per day. Among current EP users, 70% were taking oral CEE, most of whom (75%) were treated with a daily dose of 0.625 mg. Eighty-seven percent of current EP users were undergoing treatment with medroxyprogesterone acetate.
Participants were monitored over an average follow-up of 2.9 years for incident health outcomes, including the coronary heart disease (CHD) events MI and death from CHD. Clinical events were classified after medical record review by centrally trained local physician adjudicators. Confirmation of self-reported nonfatal MI was based on documentation of new chest pain syndromes accompanied by characteristic electrocardiographic changes or clear evidence of myocyte damage, as demonstrated by elevated creatine kinase-MB or troponin values. CHD deaths were confirmed on the basis of death certificates, autopsy reports, circumstances of death, ECG, laboratory test results, and reports from all relevant procedures. In addition, we included cases of sudden cardiac death in which death occurred within 1 hour of symptom onset in the absence of other potentially lethal noncardiac disease processes.
Case subjects were matched in a 1:1 ratio to control subjects by the following factors: age (Ϯ2 years), smoking status (nonsmoker, former smoker, or current smoker), ethnicity (white not of Hispanic origin, African American, Hispanic, American Indian or Alaskan Native, Asian or Pacific Islander, or unknown), and follow-up time (Ϯ6 months). As of February 2000, 315 case-control pairs meeting these criteria were identified for analysis. Eleven case-control pairs were eliminated due to inadequate blood specimen. Of the 304 events analyzed, 219 were nonfatal MIs and 85 were deaths attributable to CHD.
The study was reviewed and approved by human subjects review committees at each participating institution. Signed informed consent was obtained from all women enrolled.
Laboratory Procedures
Baseline EDTA-plasma specimens were thawed and assayed for tPA antigen, D-dimer, lipids, and C-reactive protein (CRP). Total tPA antigen and D-dimer were measured by ELISA using the Imubind tPA antigen and Dimer test Gold EIA reagent kits purchased from American Diagnostica. Coefficients of variation for tPA and D-dimer derived from a 5% sample of simultaneously analyzed blinded quality control specimens were 7.6% and 20.4%. Median tPA antigen and D-dimer levels in these quality-control samples were 7.2 and 15.2 ng/mL, respectively. CRP and lipids were measured as previously described. 14 Samples were analyzed in randomly ordered, blinded case-control pairs so as to minimize systematic bias and interassay variation.
Statistical Analysis
We used the paired t test and matched 2 statistic to evaluate differences in means and proportions respectively in the matched case-control populations. Because several variables were skewed, differences in medians were assessed using the signed-rank test. Conditional logistic regression was used to estimate odds ratios (ORs) and 95% confidence intervals (CIs) after the population was divided into groups based on quartile cutpoints for the control distribution of each biomarker. Tests for linear trends were computed using an ordinal variable for biomarker quartiles. Adjusted models were based on case-control pairs for whom complete data were available on all covariates of interest.
To further assess independent effects, we conducted analyses among 8 subgroups of women characterized by absence of either hypertension, diabetes, family history of premature coronary artery disease, current smoking, or low body mass index, waist-to-hip ratio, ratio of total cholesterol to HDL cholesterol, and triglyceride levels. Each of the latter lower-risk categories of continuous variables was defined by a value below the upper tertile cutpoint among controls. In these exploratory analyses, P values for linear trend across quartiles of each biomarker were calculated without adjustment for multiple comparisons. To evaluate the joint role of tPA antigen and D-dimer, we estimated ORs among 4 groups defined by levels of each biomarker dichotomized at the median cutpoint for controls.
Median values of tPA antigen and D-dimer were determined according to nonuse or use of estrogen-only or estrogen-plusprogestin preparations. Stratified analyses were then performed, in which comparisons were made within HT subgroups. Owing to small numbers of women and limited statistical power, stratumspecific ORs were not estimated for EP users separately. Quartiles were redefined based on control distributions of tPA antigen and D-dimer among nonusers, all current users combined, and estrogen-only users of HT. To retain all available cases and controls, quartile-specific ORs and trend tests were derived from unconditional (ordinary) logistic regression models, which included the matching variables.
Results
The mean age of participants was 69.0 years (Table 1) . Case subjects had a higher prevalence of traditional cardiovascular
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risk factors than controls. Overall, 36.5% of women reported current use of HT, most being long-term users on treatment for more than 4 years. HT initiation within 6 months of enrollment was infrequent (4 case and 3 control subjects). Duration of treatment among current users appeared somewhat shorter in cases, but this difference was not statistically significant. In addition, there were no case-control differences in the proportion of women taking unopposed estrogen versus combined estrogen plus progestin formulations. Baseline use of aspirin, lipidlowering medications, and warfarin was similar between groups. Median tPA antigen and D-dimer levels were higher among cases than controls; 9.0 versus 7.4 ng/mL (PϽ0.001) for tPA antigen and 27.6 versus 23.4 ng/mL (Pϭ0.001) for D-dimer (Table 1) . Baseline tPA antigen and D-dimer were not significantly correlated (Spearman age-adjusted partial correlation: Rϭ0.07, Pϭ0.07). In matched-pairs analyses, higher levels of both biomarkers were associated with increased CHD risk (Tables 2 and 3 ). Adjustment for ratio of total cholesterol to HDL cholesterol slightly attenuated these results. In models additionally adjusting for nonlipid cardiovascular risk factors, we found a strong association for tPA antigen with a weaker but persistent trend according to D-dimer. In these latter models, the per-quartile linear in-crease in CHD odds was 40% (95% CI, 14.5 to 71.9; Pϭ0.001) for tPA antigen and 19% (95% CI, 0.1 to 41.4; Pϭ0.048) for D-dimer.
Additional adjustment for alcohol consumption, physical activity, and baseline use of aspirin or lipid-lowering medications did not materially alter these results (P trend Ͻ0.001 for tPA antigen, 0.046 for D-dimer). There was no evidence of interaction according to baseline use or nonuse of aspirin (P interaction 0.34 for tPA antigen and 0.37 for D-dimer). Exclusion of women reporting warfarin use at enrollment (5 case and 2 control subjects) or with a history of deep vein thrombosis within 6 months of entry into the study (2 case subjects) did not change our results; the fully-adjusted ORs in 
TABLE 3. Crude and Adjusted ORs for CHD According to Baseline Plasma Concentration of D-Dimer
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the highest quartile of tPA antigen and D-dimer were 3.5 (95% CI, 1.8 to 6.9; P trendϭ0.001) and 1.8 (95% CI, 1.0 to 3.1; P trendϭ0.032), respectively. Among subgroups of women defined by the absence of each of several known cardiovascular risk factors (Table 4) , tPA antigen remained strongly associated with CHD risk, whereas with the exception of nonhypertensive and nondiabetic women, elevated D-dimer was not. In analyses of potential joint effects ( Figure  1 ), the OR for women with baseline elevations in both tPA antigen and D-dimer was greater than for those with low levels of both biomarkers or with elevations of either marker alone. There was no evidence for multiplicative interaction (Pϭ0.83). Because we found moderate correlations between baseline concentrations of CRP with tPA antigen (Rϭ0.20, PϽ0.001) and D-dimer (Rϭ0.30, PϽ0.001) and CRP is a known predictor of CHD incidence in this population, 14 we examined to what extent elevations in fibrinolytic parameters and associated risk relationships may be accounted for by concurrent elevations in this marker of subclinical inflammation.
In regression models adjusting for baseline CRP in quartiles as well as lipid and nonlipid risk factors, we found a nearly identical increase in CHD odds across quartiles of tPA antigen (ORs, 1.0, 2.1, 1.9, and 3.1; P trendϭ0.002) and D-dimer (ORs, 1.0, 1.3, 1.6, 1.6; P trendϭ0.09).
In crude analyses of biomarker levels according to HT status at baseline, current users of E or EP had generally lower levels of tPA antigen than nonusers within both case and control groups. Median tPA antigen among control subjects was 8.5, 6.3, and 5.9 ng/mL for nonusers and current users of E and EP, respectively. Corresponding values among case subjects were 9.8, 7.7, and 9.0 ng/mL. Similar trends in D-dimer level according to HT were not observed. Median D-dimer among control subjects was 22.5, 27.0, and 19.5 ng/mL for nonusers and current users of E and EP, respectively. Values among case subjects were generally higher than among controls (28.1, 24.9, and 34.2 ng/mL for nonusers and current users of E and EP, respectively). However, within case and control groups, no consistent difference in D-dimer levels in relation to HT was apparent. Table 1 footnote) excluding the stratification variable listed in the first column. CAD indicates coronary artery disease; BMI, body mass index; WHR, waist-to-hip ratio; and TC, total cholesterol. †OR in the highest (Ն10.0 ng/mL) vs lowest (Յ4.9 ng/mL) quartile of tPA antigen. ‡P trend across increasing quartiles. §OR in the highest (Ն40.5 ng/mL) vs lowest (Յ14.2 ng/mL) quartile of D-dimer. ʈCutpoints for BMI, WHR, triglycerides, and TC:HDL ratio were defined by a value below the upper tertile of control distributions for each parameter. Because our findings concur with prior studies showing lower tPA antigen and equivalent or slightly raised levels of D-dimer [15] [16] [17] [18] [19] in association with HT use, we evaluated the possibility that risk gradients associated with elevated fibrinolytic markers might differ according to baseline HT status (Figure 2 ). In analyses stratified by HT (nonusers, all current users, and estrogen-only users), among all groups we observed a consistent rise in relative odds with increasing tPA antigen. Elevated D-dimer was associated with increasing relative odds among nonusers, and a nonsignificant trend was suggested by our results for all current users combined. This latter finding appeared to be driven mainly by users of EP ( Figure 2B ).
Discussion
In this nationwide prospective study of 2 markers of fibrinolytic function among apparently healthy postmenopausal women, elevated plasma levels of tPA antigen and D-dimer predicted incident CHD events. In particular, tPA antigen was a powerful independent predictor after adjustment for both lipid and nonlipid cardiovascular risk factors, including CRP, in stratified analyses conducted among selective risk groups and according to baseline HT. Similar associations were observed for D-dimer, although lower in magnitude and of borderline statistical significance after multivariate adjustments. Elevations of both markers increased risk to a greater extent than elevations of either marker alone.
Prior prospective studies have found tPA antigen and D-dimer to be univariate risk predictors; however, the independence of these effects has been uncertain. [5] [6] [7] [8] [9] [10] [11] Although these studies generally support an association between intrinsic fibrinolytic activity and subsequent coronary events, these data derive from cohorts exclusively or predominantly comprised of men. Although limited, in 2 studies that did examine gender differences in prothrombotic risk, the observed associations were stronger in women than in men. Specifically, among 16 women included in a population-based nested case-control study, 7 elevated tPA antigen level as defined by a value above the median level (8.1 ng/mL) was associated with an OR for first MI of 8.4 (95% CI, 1.1 to 67.1). In the Atherosclerosis Risk in Communities (ARIC) study, 10 women in the highest versus lowest D-dimer quintile had a 3-fold greater multivariate-adjusted odds of first CHD events (MI, CHD death, or coronary revascularization) compared with men. No study inclusive of middle-aged or older women adjusted for postmenopausal status or HT use, an important issue, because these factors in addition to female gender itself may influence the normal distribution of both biomarkers.
The main finding of the current analysis is that among postmenopausal women, as previously shown in men, activation of endogenous coagulation and fibrinolytic systems occurs in advance of acute coronary occlusion. With regard to our findings pertaining to tPA antigen, the extent to which elevations in this biomarker reflect an ongoing fibrinolytic response to chronic, clinically silent, low-grade intravascular thrombosis depends on complex interactions involving thrombin-mediated fibrin clot formation, vascular endothelial function, other noncellular components of the coagulation and fibrinolytic cascade, and hepatic uptake and clearance. Although elevated tPA levels may indicate a normal physiological response to ongoing prothrombotic activity, laboratory assessment of tPA antigen may give limited information about bioavailability. Because only a small fraction of circulating tPA antigen is active in the presence of PAI-1 and hepatic clearance of tPA bound in tPA/PAI-1 complexes may be delayed, 20 measured levels of tPA antigen may reflect a prolonged plasma half-life attributable to elevated PAI-1, which was not measured in this study. It is therefore possible that rather than reflecting a normal fibrinolytic response to procoagulant stimuli, relative increases in tPA antigen may signal impaired fibrinolysis among susceptible individuals. In addition, PAI-1 is an acute-phase reactant, and to the extent that circulating total tPA concentrations rise in proportion to PAI-1, endogenous tPA levels may also reflect subclinical inflammation.
Because the accurate assessment of tPA and PAI-1 activity requires the use of nonstandard anticoagulants in the collection process, broad-based epidemiologic studies like ours are unable to comprehensively evaluate these issues. However, our results do address some concerns. Our observation that D-dimer is also a relevant, albeit weaker, CHD risk marker supports the hypothesis that upstream tPA activity, plasminogen conversion, and ongoing fibrinolysis are operative mechanisms among individuals at risk for developing subsequent coronary events. Our findings in subgroups of women with low levels of traditional atherogenic risk factors also suggest a possible novel role for tPA antigen as a marker of altered fibrinolytic function. Finally, the lack of attenuation of risk associations in CRP-adjusted analyses suggests that these results are independent of concurrent subclinical inflammation.
Several cross-sectional studies and short-term randomized trials have found that menopausal hormone therapy alters plasma-based markers of coagulation and fibrinolytic balance, with most studies demonstrating a lowering of tPA antigen levels and no effect or modest increase in D-dimer. [15] [16] [17] [18] [19] However, longer-term associations may not resemble short-term effects both because of the potential physiological consequences of long-term HT use and selection bias in retention of women who do not develop early thrombotic complications. Because our results derive from observations among women who were undergoing long-term HT, our data cannot distinguish whether reductions in tPA antigen on HT initiation favorably impact subsequent cardiac risk. However, our results do suggest that any beneficial lowering of tPA antigen levels among long-term estrogen users does not abolish CHD risk gradients within groups (Figure 2A) . In contrast, no significant association between D-dimer and incident CHD was evident among either current users of estrogen-only preparations or users of any formulation combined ( Figure 2B ), a result that may in part be explained by lack of consistent effects of E and EP regimens on this biomarker.
There are several limitations of the current investigation that require discussion. First, we relied on a single baseline blood sample and thus cannot account for variations in fibrinolytic biomarker levels that may arise over time. Although diurnal variation may occur, our specimens were generally obtained in the morning. Nonetheless, random misclassification, if present, would tend to bias our estimates for both markers toward the null. In addition, greater measurement error in the assessment of D-dimer levels may have resulted in further attenuation in risk associations based on this marker. Second, because of variability in average D-dimer levels related to choice of biologic assay used, the cutpoint value for elevated D-dimer in this report may differ from those in studies using other assay systems. Third, because fasting glucose levels were not available for all subjects on enrollment, the baseline prevalence of diabetes was assessed by self-report, and therefore cases of undiagnosed diabetes may have been missed. Fourth, we did not adjust for changes in HT status, which may have occurred during the observation period. However, because most current users were on long-term therapy, the influence of this factor is likely to be small. Lastly, our data are observational; therefore, as WHI-OS participants chose whether or not to undergo HT, users and nonusers of HT likely differ in characteristics that may affect levels of tPA antigen and D-dimer. Although a clear strength of the WHI-OS cohort is the uniformly high quality of covariate assessment, uncontrolled confounding cannot be excluded.
In conclusion, in this prospective study of fibrinolytic markers among postmenopausal women, tPA antigen emerged as a powerful independent predictor of coronary risk. These data suggest that among otherwise healthy postmenopausal women, altered fibrinolytic function may predispose to subsequent ischemic events. We also demonstrate persistence of this association among both nonusers and current users of HT. D-dimer was a less important predictor in this study, an observation that may in part be attributable to the heterogeneous effects of exogenous menopausal hormone therapy.
